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SLSHOLQH KDV D WRWDO OHQJWK RIPRUH WKDQ  NLORPHWHUV FRYHULQJ  SURYLQFHVPXQLFLSDOLWLHV DXWRQRPRXV
UHJLRQV DQG VSHFLDO DGPLQLVWUDWLYH UHJLRQV LQ&KLQD%XW DORQJZLWK DGYDQFHPHQWRI WKHSLSHOLQH FRQVWUXFWLRQ LQ
&KLQDE\OHDSVDQGERXQGVDQGUDSLGO\JURZLQJLQSLSHTXDQWLW\WKHDFFLGHQWVRILQVHUYLFHSLSHOLQHKDYHFRQWLQXHG
WR LQFUHDVH FDXVLQJJUHDW HFRQRPLF ORVVHV VHULRXVSROOXWLRQ DQG VHULRXV WKUHDW WR WKH VXUURXQGLQJSHUVRQQHO OLIH
VDIHW\)RUH[DPSOHLQ-XOWKHRLOXQORDGLQJRIDWRQ3DQDPDUHJLVWHUHGWDQNHUFDXVHGRLOVSLOOLQJ
RQODQGDQGRLOSLSHOLQHH[SORGLQJOHDGWRWKHILUHLQ'DOLDQ;LQJDQJ$ODUJHDPRXQWRIRLOVSLOOHGDQGVRPHIORZHG
LQWRQHDUE\ VHDDUHD FDXVLQJ VHULRXVSROOXWLRQ7KHDFFLGHQWV DOVR UHVXOWHG LQD VDFULILFH LQFOXGLQJRQH VHULRXVO\
LQMXUHG RQH VOLJKWO\ LQMXUHG DQG RQHPLVVLQJ 7KH GLUHFW SURSHUW\ ORVV DPRXQWHG WR  \XDQ ,Q -XO
 WKH WUXQN RI D JDV SLSHOLQH DZD\ IURP +XDVKDQ H[LW RI -LQDQ4LQJGDR H[SUHVVZD\ DERXW  NP LQ ZHVW
H[SORGHG DQG WULJJHUHG PRUH WKDQ HLJKW KRXUV RI ILUH DQG -LQDQ4LQJGDR H[SUHVVZD\ ZDV IRUFHG WR FORVH 7KH





3LSHOLQH VDIHW\ VHUYLFH KDV EHHQ UHIHUUHG WR DQ XQSUHFHGHQWHG KHLJKW EXW LQ IDFW WR DFKLHYH WKH PDWHULDO
SHUIRUPDQFHRISLSHOLQHLQVHUYLFHLVDPRUHGLIILFXOWSUREOHPZKLFKLVDNH\SRLQWIRUH[SHUWVDQGVFKRODUVWRVWXG\
&RQYHQWLRQDO WHQVLOH WHVWLQJ UHTXLUHV WKH UHPRYDO RI VDPSOHV IURP WKH SLSHOLQH IRU WHVWLQJ ZKLFK UHVXOWV LQ WKH
SLSHOLQHWHPSRUDU\VKXWGRZQDQGORVVRIWUDQVPLVVLRQVHUYLFH7KHFRQVWUXFWDELOLW\LVVXHVDURXQGWKLVDUHFRPSOH[
DQG LW UHTXLUHV SLSH UHSDLU DIWHU VDPSOH H[WUDFWLRQ ,Q DGGLWLRQ WKLV ZLOO UHVXOW LQ D ORVV RI WKURXJKSXW DQG
FRQVHTXHQWO\GLVUXSWLQJ WKHRLORUJDVVXSSO\7KHUHIRUHDIWHU WKHSLSHOLQHSXW LQWRVHUYLFHZHJHQHUDOO\SHUIRUP
SHULRGLFGHIHFWGHWHFWLRQDQGURXWLQHPDLQWHQDQFHRQO\DQGGLIILFXOWO\WHVW LWVPHFKDQLFDOSHUIRUPDQFHRQOLQHDQG
PDNHDQDFFXUDWHDQDO\VLVRUHYDOXDWLRQ
$OWKRXJK LQ UHFHQW \HDUV PDQ\ UHVHDUFKHUV KDYH SURSRVHG VRPH PLFURGHVWUXFWLYH RU QRQGHVWUXFWLYH WHVW
PHWKRGV WRPHDVXUHPDWHULDOSURSHUWLHV VXFKDVPLFURVKHDU WHVW VPDOOSXQFK WHVWQRQOLQHDUXOWUDVRQLFH[DPLQH
DQGVRRQ%XWGXHWRWKHOLPLWDWLRQVRIVDPSOLQJDQGWHVWLQJPHWKRGVWKHUHDUHVWLOOVRPHOLPLWDWLRQVLQSLSHOLQH,Q




2.1. Continuous ball indentation test 
&RQWLQXRXV EDOO LQGHQWDWLRQ WHVW LV LQ IDFW D NLQG RI SURJUHVVLYH PXOWLSOH ORDGLQJ DQG SDUWLDOXQORDGLQJ
FRQWLQXRXVLQGHQWDWLRQH[SHULPHQW$VSKHULFDOLQGHQWHULVIRUFHGE\DORDGFHOOWKURXJKHOHFWURPHFKDQLFDOPHDQV
DQG WKH LQGHQWHU YHUWLFDOO\ SUHVVHV LQWR WKH SROLVKHG VDPSOH VXUIDFH7KH LQGHQWHUZLOO SHUIRUP LQ WKHPDQQHU RI
ORDGLQJSDUWLDOXQORDGLQJORDGLQJDJDLQDQGSDUWLDOXQORDGLQJDJDLQDWWKHVDPHSRLQWUHSHDWHGO\7KHGLVSODFHPHQW
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2.2. True stress-true plastic strain curve 








   
:KHUH
SH  WUXHSODVWLFVWUDLQ
Sd   SODVWLFLQGHQWDWLRQGLDPHWHU











į   D SDUDPHWHUZKRVH YDOXH GHSHQGV RQ WKH VWDJH RI GHYHORSPHQW RI WKH SODVWLF ]RQH 7KH VROXWLRQ RI G LV
GHVFULEHGLQ5HI>@
$VVXPLQJWKHPDWHULDOWRREH\WKHIDPLOLDUSRZHUODZHTXDWLRQ+ROORPDQ W SV H 
nK DQGPHDVXULQJWKHWUXH
VWUHVV DQG WUXH VWUDLQ FXUYH LQPDWHULDO XQLIRUPGHIRUPDWLRQ VWDJHZH VKDOO GHWHUPLQH WKHPDWHULDO VWUHQJWKHQLQJ
FRHIILFLHQWKDQGWKHVWUDLQVWUHQJWKHQLQJLQGH[n7KHUHIRUHZKHQDVHULHVRIGDWDSRLQWVRI WV  SH EHLQJPHDVXUHG
WKHGDWDSRLQWVLQFOXGLQJWKH\LHOGVWUHVV\LHOGVWUDLQSRLQWZLOOEHILWWHGDFFRUGLQJWR+ROORPDQUHODWLRQVKLSE\WKH
VRIWZDUH SURJUDP RI WKH FRQWLQXRXV EDOO LQGHQWDWLRQ WHVW V\VWHP ,Q WKHVH GDWD SRLQWV WKH SRLQW RI V  H LV WKH
LQWHUVHFWLRQRI WKHHODVWLF VWDJHDQGXQLIRUPSODVWLFGHIRUPDWLRQVWDJHZKLFKFRQIRUPV WR+ROORPDQUHODWLRQVKLS
%XW WKHRWKHUSRLQWVRI WV  SH DUH LQDFHQWUDOL]HGGHIRUPDWLRQVWDJH7KH+ROORPDQUHODWLRQVKLSVKRXOGEH ILWWHG
DFFRUGLQJ WR WKHVHSRLQWV WRREWDLQ DXQLIRUPSODVWLFGHIRUPDWLRQ IORZFXUYHV WKDW LV WKH WUXH VWUHVV  WUXHSODVWLF
VWUDLQ FXUYH 7KH VROXWLRQ RI \LHOG VWUHVV ZLOO EH GHVFULEHG LQ GHWDLO LQ WKH IROORZLQJ 7KH \LHOG VWUDLQ FDQ EH
UHSUHVHQWHGDVIROORZV
 V H E    
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ZKHUH Wd  LVWRWDOLQGHQWDWLRQGLDPHWHUZKLFKFDQEHWUDQVIRUPHGIURPWRWDOLQGHQWHUGHSWKWKURXJK(T>@

W W Wd h D h     
7KHWRWDOLQGHQWHUGHSWKLVPHDVXUHGIURPHDFKORDGLQJSDUWXQORDGLQJF\FOH 
,W LV TXLWH FOHDU WKDW (TV  DQG  UHIOHFW WKH UHODWLRQ EHWZHHQP DQG Wd P DQG Wd  DUH DFTXLUHG IURP HDFK
ORDGLQJF\FOHLQWKHLQGHQWDWLRQWHVW%DVHGRQWKLVZHFDQJHWWKHUHODWLRQVKLSEHWZHHQWKHPDWHULDO\LHOGVWUHQJWK
DQGA>@E\GHWHFWLQJDQGDVVRFLDWLQJUHODWLRQVKLSEHWZHHQ WP d  DQG d D  DVIROORZV
 PV E A    
:KHUHWKHLQGHQWDWLRQSDUDPHWHUALVUHODWHGWR\LHOGVWUHQJWKDQGVWUDLQKDUGHQLQJRIWKHWHVWPDWHULDOVDQGUHIOHFWV
WKHEORFNHIIHFWRIWKHWHVWHGPDWHULDOZKHQWKHEDOOLQGHQWHUSUHVVHVLQAFDQEHREWDLQHGIURP(TDQGLWVXQLWLV
FRQVLVWHQW ZLWK \LHOG VWUHQJWK:KHQ WKH \LHOG VWUHQJWK \V FRQYHUWHG IURP WKH FRQWLQXRXV EDOO LQGHQWDWLRQ WHVW LV
HTXDOWRWKH\LHOGVWUHQJWK H/R PHDVXUHGE\FRQYHQWLRQDOWHQVLOHWHVWWKHPHDQLQJRIPDWHULDO\LHOGFRHIILFLHQW PE 
LVYHU\FOHDU 
,Q WKH VWXG\ LI WKH RIIVHW SDUDPHWHU B RI WKH \LHOG VWUHQJWK XQGHU GLIIHUHQW ZRUNLQJ VWDWH LV WDNHQ LQWR
FRQVLGHUDWLRQWKHHPSLULFDOIRUPXOD(TLVUHYLVHG>@DVIROORZV
PV E y A B   
+DJJDJ HW DO >@ LQGLFDWHG WKDW WKH WHQVLOH VWUHQJWK FDQ EH HPSLULFDOO\ HVWLPDWHG WKURXJK FRQWLQXRXV EDOO
LQGHQWDWLRQWHVW:KHQPDWHULDOEHDUVWHQVLRQORDGDQGUHDFKHVLWVWHQVLOHVWUHQJWKWKHVWUDLQKDUGHQLQJH[SRQHQWn
DQG WUXH XQLIRUP VWUDLQ LV DSSUR[LPDWHO\ HTXLYDOHQW 7KXV DFFRUGLQJ WR WKH WUDQVIRUPDWLRQ RI WKH UHODWLRQVKLS
EHWZHHQ WUXH VWUHVV DQG HQJLQHHULQJ VWUHVV WKH WHQVLOH VWUHQJWK YDOXH FDQ EH H[SUHVVHG DV (T ZKHQ WKH
UHODWLRQVKLSEHWZHHQWKHWUXHVWUHVVDQGWUXHVWUDLQLVFRLQFLGHQWZLWKWKHSRZHUODZ
X H
V § · ¨ ¸© ¹





3.1. Experimental materials and status 





IDWLJXH IUDFWXUH DQG FRUURVLRQ UHVLVWDQFHEXW DOVRJRRGZHOGLQJSHUIRUPDQFH DQGSURFHVVDELOLW\ZKLOH/KDV
KLJKZHOGDELOLW\ORZWHPSHUDWXUHWRXJKQHVVDQGIRUPDELOLW\WKHWZRPDWHULDOVDUHWKHEHVWFKRLFHIRUSLSHVWHHOLQ





,QVSHFWLRQ ,QVWLWXWH 66(,, 7KH FKHPLFDO FRPSRVLWLRQV RI &U1L SLSH DUH OLVWHG LQ 7DEOH  LQZKLFK WKH
UHTXLUHPHQWV LQ *%  ³KLJK SUHVVXUH ERLOHU VHDPOHVV VWHHO WXEH´ DUH DOVR OLVWHG 6WDQGDUG UHTXLUHV WKH
FRQWHQWRI3LVOHVVWKDQ$OWKRXJKWKHUHVXOWVDQDO\]HGIRXUWLPHVDUHVOLJKWO\ODUJHUWKDQWKHUHTXLUHPHQWRI




(OHPHQWFRQWHQW W& W6L W0Q W3 W6 W1L W&U 
7KHVWWHVW       
7KHQGWHVW       
7KHUGWHVW       
7KHWKWHVW       
7KHDYHUDJH       
*%
&U1L
a     a a

5HVXOWVRI/DQG/FKHPLFDOFRPSRVLWLRQDUH OLVWHG LQ7DEOH LQZKLFK WKH UHTXLUHPHQWVRI*%7
KLJKTXDOLW\FDUERQVWUXFWXUDOVWHHODQG*%7WKHRLODQGJDVLQGXVWU\SLSHOLQHVWHHOWXEH
DUHDOVROLVWHG)URP7DEOHLWLVFOHDUWKDWWKUHHNLQGVRIVWHHOVFRQIRUPZLWKWKHVWDQGDUGUHTXLUHPHQWV
7DEOH&KHPLFDOFRPSRVLWLRQDQDO\VLVUHVXOWVRISLSHVWHHO/DQG/SLSHOLQH      ZW
(OHPHQW
FRQWHQW W& W6L W0Q W3 W6 W&U W1L W&X W0R W9 W7L W1E 
            
*%

a a a         
/            
/            
*%
/ǃ/
         7KHVXPRIWKHWKUHH
3.2. Experimental procedures 
7KHZKROHWHVWSURFHGXUHVDUHPDLQO\GLYLGHGLQWRWKUHHVWHSVJHWWLQJFRQYHQWLRQDOWHQVLOHWHVWGDWDIURPWKH
UHSRUWVRI66(,,FXWWLQJVSHFLPHQVRXWRIWKHVDPSOHVIURP66(,,DQGSROLVKLQJWKHPE\
PHVKVLOLFRQFDUELGHPHWDOORJUDSKLF VDQGSDSHU LQ WXUQ FDUU\LQJRXW WKHFRQWLQXRXVEDOO LQGHQWDWLRQ WHVWV7KH
FRQWLQXRXV EDOO LQGHQWDWLRQ WHVWVZHUH FRQGXFWHG RQ D SRUWDEOHLQVLWX 6WUHVV6WUDLQ0LFURSUREH 660 V\VWHP








VHQVRU DQG D UDQJH RI  a PP UHVROXWLRQ RI  OLQHDU YDULDEOH GLIIHUHQWLDO GLVSODFHPHQW VHQVRU DUH
VHOHFWHG7KH WHPSHUDWXUHRI WKHFRQWLQXRXVEDOO LQGHQWDWLRQ WHVW HQYLURQPHQW LV FRQWUROOHGDW DERXWć:KHQ
GLVSODFHPHQWVHQVRULVLQFRQWDFWZLWKGDWXPSODQHRIWKHVDPSOHWKHLQGHQWHUNHHSVPRYLQJGRZQZDUGVORZO\DW
UDWHRIPPV7KHGHIDXOWWLPHVRIORDGDQGXQORDGF\FOHVRIFRQWLQXRXVEDOOLQGHQWDWLRQWHVWSURJUDPDUH




)LJ+DUGZDUH6HWXS'LVSOD\IRUWHVW )LJ7KH ORDGLQGHQWDWLRQGHSWK FXUYH WHVWHGE\FRQWLQXRXVEDOO
LQGHQWDWLRQWHVW

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([SHULPHQWDODQDO\VHV







$IWHUDVHULHVRIDQDO\VLVLVFRPSOHWHZHFDQJHWWKHSORWVIURPWKHPXOWLORDGDQDO\VLVPHQX)LJ VXFKDV  
5DZOGGLVSWKDWDSORWRIWKHORDGGLVSODFHPHQWGDWDDVDFTXLUHGE\WKHV\VWHPVFDOHGWRHQJLQHHULQJXQLWVDQGWUXH
VWUHVVSODVWLF VWUDLQ  7KHQ ZH FDQ FUHDWH PXOWLSOH RYHUOD\ SORWV DFFRUGLQJ WR ZKDW ZH QHHGV WR FRQWUDVW WKH
SHUIRUPDQFHRIGLIIHUHQWPDWHULDOSDUDPHWHUV
4.1. The true stress-true plastic curve 
,QRUGHUWRLQYHVWLJDWHWKHGLIIHUHQFHVEHWZHHQWKHGLIIHUHQWWHVWFXUYHDQGWKHGLIIHUHQFHEHWZHHQGLIIHUHQWSRLQWV
RIWKHVDPHPDWHULDOWKH6606XLWH70FRQWUROSURFHVVLQJV\VWHPZLOOVXSHULPSRVHFXUYHVIURPGLIIHUHQWVRXUFHV
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 





7KH FRPSDULVRQV RI IRXU ORDGLQGHQWDWLRQ GHSWK FXUYHV DQG WUXH VWUHVVWUXH SODVWLF VWUDLQ FXUYHV RI IRXU GLIIHUHQW
ORFDWLRQVRI/VSHFLPHQIURPFRQWLQXRXVEDOOLQGHQWDWLRQWHVWVDUHVKRZQLQ)LJDQG)LJ
)URPWRSWRERWWRP)LJVKRZVWKHVWDLQOHVVVWHHO&U1LORZFDUERQPLFURDOOR\HGSLSHOLQHVWHHO/
DQG / DQG ORZ FDUERQ SLSH VWHHO  )RXU FXUYHV KDYH FOHDU GLVWLQFWLRQ DQG UHIOHFW WKDW WKH FRQWLQXRXV EDOO
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RPIURPWKHFRQYHQWLRQDOWHQVLOHWHVWVDQGWKHDEVFLVVDUHSUHVHQWVWHQVLOHVWUHQJWKYDOXHV uV IURPWKHFRQWLQXRXV



















































4.3. Yield strength 
$FFRUGLQJ WR WKH SULQFLSOH RI WKH FRQWLQXRXV EDOO LQGHQWDWLRQ WHVW ZH FDQ FRQYHUW WKH ORDGLQGHQWDWLRQ GHSWK
FXUYHWRWKHWUXHVWUHVVWUXHSODVWLFVWUDLQFXUYHDQGHVWLPDWHWKH\LHOGVWUHQJWKZKHQDVVXPLQJWKHVWHHOVIROORZWKH
SRZHU ODZ UHODWLRQ 7KH UHODWLYH GHYLDWLRQ RI WKH \LHOG VWUHQJWKV WHVWHG RU HVWLPDWHG WKURXJK WZR NLQGV RI WHVW
PHWKRGVDUHPDLQO\FDXVHGE\LQKRPRJHQHLW\LQPLFURVWUXFWXUHDQGPLFURSURSHUWLHVRI&KLQHVVWHHOVZKLFK
ZLOOOHDGVRPHGLIIHUHQFHVLQPDFURPDWHULDOSURSHUWLHVGHYLDWLRQVGXULQJWKHFRQYHQWLRQDOWHQVLOHWHVWDQGWKH
FRQWLQXRXV EDOO LQGHQWDWLRQ WHVWZKLFKZLOO EH VXSHULPSRVHGZKHQ FRPSDULQJ WKH GDWD E\ WZR WHVWPHWKRGV 
GHYLDWLRQVLQWKH\LHOGFRHIILFLHQW PE  DQG\LHOGVWUHQJWKRIIVHWSDUDPHWHUB IRUGLIIHUHQWVWHHOVZKHQVLPSO\XVLQJ
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DFFXUDF\ RI FRUUHODWLRQ YHU\ PXFK 7KH \LHOG VWUHQJWKV RI &U1L / / DQG  SLSH VWHHO FDQ EH
HYDOXDWHGE\ \  AV   
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7KHWHQVLOHVWUHQJWKVHYDOXDWHGE\WKHFRQWLQXRXVEDOOLQGHQWDWLRQWHVWILWWKHWHQVLOHVWUHQJWKVPHDVXUHGE\WKH
FRQYHQWLRQDOWHQVLOHWHVW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>@ -7DQJ:4:DQJ7KHDSSOLFDWLRQRI WKH6WUHVV6WUDLQ0LFURSUREH WHFKQRORJ\LQSLSHOLQHVHFXULW\DQGGHWHFWLRQ2LODQGJDVSLSHOLQH





>@ -7DQJ 5HVHDUFK RQ WKH 0HDVXUHPHQW RI 0HFKDQLFDO 3URSHUWLHV RI 6WUXFWXUDO 6WHHOV DQG 7KRVH $IIHFWHG E\ 6WUDLQ $JLQJ WKURXJK
$XWRPDWHG%DOO,QGHQWDWLRQ7HVW6FKRRORI0HFKDQLFDO(QJLQHHULQJˈ6KDQGRQJ8QLYHUVLW\
>@ -7DQJ:4:DQJ0//L HW DO 7KH H[SORUDWLRQ RI HYDOXDWLRQ RI VWUDLQ DJLQJ HPEULWWOHPHQW LQPHWDOOLFPDWHULDOV XVLQJ LQGHQWDWLRQ
WHVW,Q7X67:DQJ='6LK*&HGLWRUV6WUXFWXUDO,QWHJULW\LQ1XFOHDU(QJLQHHULQJ(DVW&KLQD8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\
3UHVV6KDQJKDLSS
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